Upconversion (UC) is a nonlinear optical process characterized by the successive absorption of multiple pump photons via metastable states, followed by the emission of the luminescence at a shorter wavelength than the excitation wavelength 1 . In view of the unique optical properties, UC luminescence (UL) materials doped with rare earth (RE) ions have been utilized in potential applications, such as biological diagnosis, data storage, solar cells, solid display technique, solid-state lasers, and sensor technology 2-12 . However, one outstanding roadblock still exists: most of the UL materials fail to produce strong optical emission under low excitation power, which greatly limits the practical application in different fields. For example, owing to the weak emission signal, which limits the penetration depth to a few centimeters in bio-labeling and bio-imaging, UC luminescence bio-imaging could be used to obtain anatomical and physiological details only in small animals. To increase the penetration depth of UL bio-imaging in vivo, a high excitation power density is required. Paradoxically, further increasing the laser power may cause marked overheating effects, which can lead to possible scalding of animal tissue upon continuous irradiation 8, 9 . Moreover, infrared solar photons with wavelength greater than 1 μm are unabsorbed by solar cells working in the visible and near-infrared regions, thus UL materials provide a solving method by turning infrared solar photons into visible photons, leading to increased photoelectric conversion efficiency of the solar cells in theory 11, 12 . However, sun-light is usually not sufficiently strong to activate the UC process. To solve this type of practical problem, research on highly efficient UL materials induced by low excitation power is an urgent task.
Upconversion (UC) is a nonlinear optical process characterized by the successive absorption of multiple pump photons via metastable states, followed by the emission of the luminescence at a shorter wavelength than the excitation wavelength 1 . In view of the unique optical properties, UC luminescence (UL) materials doped with rare earth (RE) ions have been utilized in potential applications, such as biological diagnosis, data storage, solar cells, solid display technique, solid-state lasers, and sensor technology [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, one outstanding roadblock still exists: most of the UL materials fail to produce strong optical emission under low excitation power, which greatly limits the practical application in different fields. For example, owing to the weak emission signal, which limits the penetration depth to a few centimeters in bio-labeling and bio-imaging, UC luminescence bio-imaging could be used to obtain anatomical and physiological details only in small animals. To increase the penetration depth of UL bio-imaging in vivo, a high excitation power density is required. Paradoxically, further increasing the laser power may cause marked overheating effects, which can lead to possible scalding of animal tissue upon continuous irradiation 8, 9 . Moreover, infrared solar photons with wavelength greater than 1 μm are unabsorbed by solar cells working in the visible and near-infrared regions, thus UL materials provide a solving method by turning infrared solar photons into visible photons, leading to increased photoelectric conversion efficiency of the solar cells in theory 11, 12 . However, sun-light is usually not sufficiently strong to activate the UC process. To solve this type of practical problem, research on highly efficient UL materials induced by low excitation power is an urgent task.
The Yb 3+ -Er 3+ codoped UC system has been most commonly used to obtain efficient UL materials, mainly owing to the large absorption cross section of approximately 980 nm in Yb 3+ , the relatively long lifetime energy levels in Er 3+ and the good energy level match between these two types of RE ions [13] [14] [15] [16] [17] [18] [19] 
Results and Discussion
Crystal Structure. Figure 1 shows the XRD pattern of the as-synthesized Ba 5 and 9.61 for the samples doped with 1%, 3%, 6%, 9%, 12%, 15%, and 20% Yb 3+ respectively, and there exists a similar rule in samples with a fixed Yb 3+ concentration: the red emission intensity grows much faster and higher than that of the green emission by increasing Er 3+ concentration, as shown in Figure S1 . The dependence of UC optical properties on the doping concentration indicates that the red emission level has a more efficient means to be filled than the green emission levels especially in doped samples with Yb 3+ 16, 20, 21 . Generally, UC efficiency takes three forms: actual UC power efficiency (UC emission power/excitation power), UC power efficiency (UC emission power/absorbed excitation power), and UC quantum efficiency (UC emission quantum numbers/absorbed excitation quantum numbers). In our previous research, we found that the absorptivity to laser radiation varies greatly among different types of phosphors. For example, the phosphor CaIn 2 under the equal power excitation, as shown in Fig. 4 (a,b) , Ho 3+ does not have high emission power, and judging only from the UC efficiency will mislead us in finding the appropriate UL materials. Actually, how much excitation power could be converted into UC emission power is our focus, which has nothing to do with the absorptivity of the material. The core intent here is to find phosphors with high emission power in low excitation power regions. Thus, we deem it necessary to also note the actual UC power efficiency for UC material studies, which considers only the relationship between the emission power and the pumping power. The results in Fig. 4 UC Mechanisms. The pump power dependence of the green and red emissions was investigated at room temperature under 971 nm excitation. Notably, under high excitation power, the slope l decreased to less than 1 as a result of the competition between linear decay and UC processes for the depletion of the intermediate excited states according to M. Pollnau's report and our previous work 21, 22 . Please refer to the Supporting Documents for more details.
Ground state absorption (GSA), subsequent UC by excited state absorption (ESA) and energy transfer (ET) UC were the main UC mechanisms in the population for excited states, additional processes such as CR between two doped ions or an avalanche process may occur as well 23 . The GSA/ESA process involves a single ion, so it is the main possible UC process that occurs in materials with low dopant concentrations, whereas ET involves two neighboring ions and will be dominant in the materials with high doping concentrations by shortening the average distance between dopant ions and enhancing the interionic interaction. Figure 6 (1) UC steps between sequential excited states take place through ET, GSA or ESA, the main population route in excited states of Er 3+ is ET from Yb 3+ ions, which has been demonstrated 22, 28 . (2) Radiative transition is the main depopulation route in green and red emission levels E4 and E5.
Initially the rate equations describing the excitation mechanisms in this system can be written as 21, 22, 28 :
where N i is the population in energy level i, σ i is the absorption cross section of state i at the pump wavelength, φ is the luminous flux of the pump light, τ i is the lifetime of state i (the excited states i decay with rate constants τ i −1 ), and α is the relaxation rate from E3 to E4. The energy transfers from state i to state j are described by the factor W k N i N j , in which the constant W k represents the energy transfer rate from state i to state j.
According to the assumptions, the rate equations above could then be rewritten as
where A i represents the radiative transition probabilities of state i. For the rate equation of red emission level E5, there are three limiting cases corresponding to three means of populating E5:
(1) If red emission level E5 is populated only by the proposed CR process between states E2 and E3 in Er 3+ ions, the rate equation of red emission level E5 is
which can be rewritten as: 
In this situation, the red to green emission intensity ratio R can be expressed as: 
As a result, the ground state populations N E1 and N Y1 are proportional to the dopant concentration, and based on Equation 16 and Equation 17 , we could reach the conclusion that the red to green emission intensity ratio R is proportional to the dopant concentration of Yb 3+ and Er
3+
. This result agrees with experimental data. (2) If the red emission level E5 is populated only by the ET process from Y2 to E6, the rate equations of E5 and E6 are
both of which could be rewritten as
where β represents the relaxation rate from E2 to E6.
Under steady-state excitation, Equation 7, Equation 20 and Equation 21 yield
R can then be expressed as 
where γ represents the relaxation rate from E3 to E5, under steady-state excitation, this yields
and R can be expressed as:
Obviously, R will not vary with Yb 3+ or Er 3+ concentration, which contradicts the experimental results. According to the rate equation analysis, the CR process as the third means to generate the red emission is reasonable and necessary.
Lifetime Measurements. The 3+ ion will also be helpful in understanding the UC processes, as shown in Fig. 8 . In fact, all decay curves can be fitted by solving the rate equations. In view of the complexity, we can obtain the lifetime of red and green emission by fitting the decay parts of the lifetime curve with a single exponential function. According to Equation 10 , after the green level stops being populated, the change in the population of the green level is written as Scientific RepoRts | 6:22545 | DOI: 10.1038/srep22545
This could be rewritten as
In the same way, after the red level stops being populated, the population of the red level can be written as = .
− N e (31)
Thus, the emission decay curves of the green and red emission can be well fitted with a single exponential function. The inset presents the calculated lifetime for both the green and red emissions of different samples. Before specifically analyze on the temporal evolutions, we summarize the key findings in the lifetime measurements:
(1) For both green and red emissions, there exist a delayed rise and a decay in the emission intensity after the end of the excitation pulse. (2) The red emission, in contrast, has a longer rise time than the green emission. , but once the Yb 3+ concentration reaches to a higher value, the lifetime of green emission decreases more quickly than the lifetime of red emission.
Observation (1) clearly indicates the existence of an energy transfer process. The ET process from Yb 3+ to Er 3+ and the proposed CR from Er 3+ to Er 3+ can still happen when the excitation is complete, which leads to a delayed rise of the emission intensity. Observation (2) suggests that the red emission level 4 F 9/2 requires longer time than the green emission level to be populated. According to the UC mechanisms described above, CR occurs after the population of Er 3+ energy levels, which means that the red emission caused by CR requires additional time after ET from Yb 3+ to Er
3+
. The green emission does not require such a long time owing to the lack of additional ET or CR processes required. Observation (3) can be explained by the back energy transfer (BET) from Er 3+ to Yb 3+ 19 . Once the excitation is complete, the high energy state 4 F 7/2 and 2 H 11/2 in Er 3+ can transfer energy to Yb 3+ ions in the ground state, and the higher the Yb 3+ concentration is, the stronger BET is likely to take place; the lifetime of both green and red emissions will then decrease with increasing Yb 3+ concentration. The related data can be seen in Figure S5 . Observation (4) once again proved the existence of the proposed CR process. According to Equation 30 , the lifetime τ G of green emission can be written as
The lifetime τ R of red emission can be written as: The lifetime τ G of green emission will decrease with increasing Yb 3+ concentration. However, the lifetime τ R of red emission does not change with increasing Yb 3+ concentration. Thus, the lifetime of green emission decreases more quickly than the lifetime of red emission when the Yb 3+ concentration increases. The key point of the CR process is the multiplier effect to the population of 4 F 9/2 in Er 3+ , which is similar to the photon avalanche (PA) as shown in Figure S4 (a). However, PA suffered from some drawbacks [29] [30] [31] [32] . One is that the pump wavelength does not match the energy gap between the ground state and the intermediate excited level, possibly leading to the intermediate excited level being populated only by weak GSA initially. Another disadvantage is that such a process always requires high pump powers to reach the threshold condition, below which the UC luminescence intensity is weak. Moreover, PA has a longer rise time because many looping cycles are required to achieve avalanche. Compared with the PA process, the proposed CR process combines the advantages of efficient ET in a Yb 3+ , Er 3+ co-doped system with the multiplier effect to populate the red emission level. Especially when the doping concentration is sufficiently high, frequent ET from Yb 3+ to Er 3+ guarantees a substantial population in the excited states of Er 3+ , promoting CR between Er 3+ ions. Moreover, the multiplier effect caused by PA takes place in the intermediate excited level, whereas in the CR process the multiplier effect benefits the UC emission level directly. More significantly, the proposed CR process does not require a pumping power threshold condition to have an immediate effect on the UC emission. XRD Characteristic. X-ray powder diffraction patterns were measured by a Bruker D8 advance X-ray diffractometer (Bruker Optics, Germany) with Cu Kα radiation in the range 10° ≤ 2θ ≤ 70°. The UC luminescence spectra were recorded on an Andor SR-500 i spectrometer (Andor Technology Co., UK) equipped with a Hamamatsu R928 photomultiplier. A power-controllable 971 nm laser diode (BWT Beijing Ltd., China) was used as the excitation source, which can produce both continuous-wave and pulsed laser radiation. For the UC luminescence lifetime measurements, the UC emissions under the 971 nm pulse laser (pulse width = 50 μs) were passed through the Andor SR-500 i spectrometer and detected by the Hamamatsu R928 photomultiplier connected to a 1 GHz Tektronix digital oscilloscope.
Conclusion
Optical Measurements. The excitation source used for the UC efficiency measurement was a 971 nm controlled temperature CW semiconductor diode laser (BWT Beijing Ltd., China) with P max = 3 W. The copper sample holder in the middle of the integrating sphere was excited by the diode laser. After multiple reflections in the integrating sphere, the emitted UC light passed through an optical fiber and was analyzed with a spectrometer (380-800 nm) and a relative luminance meter. The laser output power P L under different currents was measured by a LP-3A laser power meter (Physcience Opto-Electronics Co., China). After initial calibration of the setup, the efficiency was determined in two steps. For the first measurement, the copper sample holder in the integrating sphere was left empty, and the laser spectrum was obtained by a spectrometer. From this step, we obtained the integrated intensity I L over the range 950-1000 nm. For the second measurement, the copper sample holder in the integrating sphere was filled with the sample. From this step, we obtained the UC emission power P em in the range 380-800 nm and the integrated intensity I unabs in the range 950-1000 nm. Finally the UC power efficiency η UC was calculated as the ratio of the luminescence power P em emitted by sample over the power P abs absorbed in the infrared range 950-1000 nm: which represents the ratio of the UC emission power to the laser output power. We can calculate the excitation density based on the following formula: the excitation density = excitation power/laser spot area. We measured the excitation power by the laser power meter and the laser spot area could be calculated by the formula S = πR 2 sinθ, where R and θ represent the radius of the laser spot and the angle between the sample surface and the fiber end, respectively. R equals the distance between the sample surface and the fiber end multiplied by 0.22 (provided by the manufacturer), and θ is 45°.
